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ABSTPACT 

We analyze a sample of about 2030 charged-current m~trfho- 

proton interactions with neutrino energy greater than 13 Ge'J 

produced in the lj-ft. hydrogen bubble chamber at Fernilab using 

a broad band neutrino beam. We study the details of the hadrons 

produced and find generally good agreenent with the quark-parton 

node1 and present paraaeterlzatlons of quark fragrcehtatlon (3) 

functions. The D functions are found to be independent of Q2 and 

W (total hadronlc mass) for W > 4 GeV, ln agreement with the tcdel. 

The height of the rapidity plateau in the quark (currentj frag- 

mentation region is coc!pared to that of the dl-quark (target) 

fragmentaim region and the two are found to agree. Detailed 

charge correlation data are presented and compared to the Pleld- 

Feyman Eodel of the D functions, and also to a lcngitudinal p-l's+ 

space model, and are found to disagree with both. The rem 2-O-x- 

verse nonentum PT cf the hadrchs is studied for its Q2 ;;hd i~y.r.y&-X 

dependence. We find a slzeable Increase of (P$ with Fey~:~n-:C 

which agrees, however, with our 1ongitud:nal pkiise space mcdel. 

ISe find no statlscally significant dependence of (is) on $, up 

to Q2 = 64 GeV2, although the highest mcmentun hadrons are conals- 

tent with a mild Q2 dependence. The azimuthal angular Eistribu:lon 

of the highest momentum hadrons in high Q2 events 1s exacihe3 for 

evidence of anisotropy of the type that has been predicted for 

effects of gluon radiation. 
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1 I~XT3ODUCTIOA 

According to commonly accepted models of the weak inter- 

SC ',lon, the inelastic process vp + n- + hadrons occurs via the 

exchznge of a virtual lntermedlate U+ boson. In the quark- 

parton model, the ti can strike a valence d-quark in the proton 

and change it to a u-quark, which then "fragments" lnto the 

observed hadrons: 

W+ + d + u * hadrons. (1) 

The ray in which a given quark fragments into hadrons is a 

fundamental aspect of the quark-parton model which must be 

deter?s:ned Pror, experiment.' In neutrlno charged current lnter- 

ictlxs a pure u-quark state 1s formed (when the Bjorken scaling 

varlsblex is not too small) thereby allowing one to study how 

this pure state disintegrates. 

It 1s the purpose of this paper to investigate, within the 

context of the qxrk-parton model, the functions which describe 

the fra&zantatlon of a u-quark into r* mesons; and, generally, 

to present details about the produced hadronlc state. The data 

are based on a 150,000 picture exposure of the FVAL 15-foot 

hydrcz-?n bubole chamber to a wide-band neutrino beam. Some of 

the gsneral features of an early subset of the data have been 

published elsewbere.2026 
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He begin with the usual deflnltion3 of the quark frsgmenta- 

tlon fhnctlons D,h(Z) which give the probability that a quark 9 

will produce a hadron h having a fraction 2 of the quark's total 

energy. (We actually define 2 as the component of a given hadron's 

momentum in the direction of the total hadronlc lab momentum, 

divided by that total momentum.) In a given event the total had- 

ronic momentum and energy are completely speclfled by the neutrino 

energy E, and the Bjorken.scaling variables x = Q2/2mv and y = v/Ev 

where Q is the neutrlno-muon four-momentum transfer, v is their 

energy transfer, and m 1.9 the proton mass. lie can write the cross 

section for the seml4ncluslve process vp - IL- + h + anything as 
, 

a sum over struck (9’) and produced (q) quark s@tes: 

.f& - 1 (&) D;(Z) 

P -a'+7 

(2) 

(Ue suppress for now the PT dependence of the D functions.) Fleg- 

lectlng strangeness-changing and charm-changing currents .(at csst 

ten percent of the cross section) the onl3 quark transformations 

induced by the Ii+ are d + u and C 4 il. Hence we can Writ8 

(3): 

Using the charge conjugation md i8OSpti sywtry of the DT 

function8 this becomes 

- [(a) i (#$&J&q m F&y) . D$) (4) 

du 
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Toe factorization property of (4) 1s a result of the quark-pax-ton 

CZ~CZl wh:ch pre2ict.s that the shape of the 2 distribution for 

inclusive v production 1s independent of x and y. provided, at 

least, that the pions are fragments of the struck quark,, uncon- 

tatiinsted by fragments of the target proton. The quark-parton 

model also predicts that the D functions ~111 be independent of 

G2 and w, the total hadronlc mass. In the remainder of the paper 

we ~111 shcii evidence regarding these predictions and lnvestlgate 

the longitudinal and transverse momentum properties of the Dz* 

funC tio^s. 

The 2 dependence of the correlation between the quantum num- 

bers of :he fragmenting quark and those of the observed hadrons 

Is subjzt to considerable theoretical uncertainty. To investigate 

this we.will give details on how the quark charge 1s distributed 

slonz its momentum direct&n and compare the results to model cal- 

culations. We will also invest&age the transverse momentum and 

aZlI?Jt?al properties of the produced hadrons, as this Is where the 

effects of gluon emission are likely to appear. The reader is 

referred to Ref. (1) for the relationship and comparison of electro- 

production results to neutrlno production results. 

II General Features 

;.;'. :s;in +J selecting events with + 3 charged prongs which 

__ , i :;:a1 visible ‘t3m- direction momentum L 10 GeV/c. To obtaln 

s:?ll-::.sa;ured events ix require a minimum distance of 65 cm from 

%e e-ect 'lertes t3 the downstream wall of the bubble chamber, and 

re;r;llre that all tracks have momentum errors 5 3C$. The above 

szlection results ln a sample of 2560 events. 

-i -..e track most likely to be the U- 1s then selected using the 

kinzstic procedure outlined in Appendix A. We then remove events 
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with PTR< 1.0 GeV/c and with @&< 60"; where PT2 1s the trans- 

verse momentum of the &- with respect to the momentum vector ;ViS 

of all the remaining visible particles (including V'~S), and GVE 

is the azimuthal angle between the LL- and AVIS when projected onto 

a plane perpendicular to the beam. Monte Carlo calculations ln- 

dlcate that a v: Is correctly identified in about 97% of the 

events in our final sample. The PTR and & cuts reject about 

85% of the neutral current background events, while retaining about 

85% of the charged-current sample (again, indicated by Monte Carlo' 

calculations and described Fn detail ln Appendix A) and reduce the 

sample to 1928 events. 

In order to determine the other kinema<lc variables in the 

events we must "reconstruct" them, i.e.. determine E,,, W, Q2, etc. 

on an event-by-event basis. For this purpose the Incident neutrlno 

direction 1s well known in this experiment but the nectr-ino er.er&J 

for each event Ls not. This means that events with unseen neutrals 

of unknown mass are underconstrained by one variable, assurnlng all 

visible particles are correctly ldentlfled. About 60-%$ of the 

events we use fall fnto this mlsslng-neutrals category. We recoc- 

struct them ln an approximate way by estimating the invisible be%=- 

direction momentum based on the configuration of t:l+ :'isi:-14 :;n?:l:lEr 

There are several methods of doing this, 7924 -ne of ~.:.'.~:~; :::- z .;j 5 2 

on the earlier data sample. 2 Details of our present cet:-.cZ zre, ;:::~r. 

in Appendix B. Uncertainties ln the reconstrvctlon lead tc errcrs 

in the variables 2, Xp (Feynmn X in the W rest frame, Cefir,eE is 

the longltudlnal momentum divided by W/2) and Yo (rapl2lty in tkP 

quark frame.8S14)'These errors, which we describe in mere deLa:l in 

, 



.1.~;r!d!x 7, are not serious for the present dlscuasion, nor arm 

;i;e correqonding errors in W, Q2. and E,, which we will use prl- 

rzrily to ixke cuts in the data sample. In any case, we always 

rx: C‘LI'P ?:o:lte Carlo events through the same analysis procedures 

as the real events so that the same reconstruction errors, etc., 

?.'p>ly 50 both samples. This allows us to assess the average 

p*cez:z of the reconstruction procedure and cuts in the data -- - 

zazple for each quantity studied. 

After '5s reccnstruction we keep events with Ev> 10 GeV, 

:c i .3j ax? y < 0.9. These cuts are used throughout the paper 

and are rr.nde to further reduce the background from neutral current 

e-:ents and ?I events. The x cut Is also made to eliminate events 

xl:!> ler;i: reconstruction uncertainties. One further selection is 

r.sie iy 'requiring Rx.* < 3 (described in Appendix A). This cut has 

? !:i@ d.?zree of overlap with the y -z .9 selection for neutrlno' 

;??sr;el-current (CC) events and virtually eliminates anti-neutrlno 

c>ar;ed-current (E) background.4 These cuts reduce the sample 

33 1675 events. 

l'?e invariant hadronlc mass (W) distribution for these 1670 

e-er.ts is shown in Fig. 1. Outside of the prominent peak in the 

Z‘irs-c 2:~ bins, which 1s due to the reaction vp + u-A++, the dls- 

rriL!uslcn is snooth and reflects the approxima6e x and y scaling 

;xqerzies of the interaction. (The detailed properties of the A* 

reaction will be discussed elsewhere. 3 

In order to reicove the A++ and production of other low-lying 
;<* In exclusive channels we cut out events with W -z 2 QeV. This 

reZuces the sample to 1474 events, 1154 of which have 2 < Cl*< 64 

Ge'i and 2 < W < 10 GeV. In Fig. 2 we show for these events the 



dependence of the average charged particle multiplicity (:i,?,) in 

the hadronic system as a function of W and Q'. piers ir 2 <*I'::;:& 

increase of (Nch) with W, as can be seen from the dashed lin~z x;:.'lch 

give the overall (Nch) for each W bin. F:thin eat-h il bir, tL5r.c i; 

no apparent variation with Q*. This conflrns conc:usl~n; arri-ei 

at using one-fourth of the present data ‘2 , and has also .i,ce% x:*3 

in muoproductlon of hadrons at lower Q2 
* 

and W values." 

In order to investigate the Feynman scaling properties (E' 

and W independance)of the D functions we want to exaxzlne .F.edrcns 

produced ln the "high Z" region. We note that the D fuxticr.; 

cannot be independent of W over their entire range, 0 -z I: < 1, 

since 
Ji 

DH dZ gives the average v multlpllClty at that W value, 

an,d this grows with W, as seen in Fig. 2. We shoz is ?ig. : 5% 

number of (A) hadrons per event with Z a.2 
( 

;"' Dt dZ 
.2J ) 

as a 

function of W (the total hadronlc mass). We choose Z 1 .2 as ?.'.e 

"high Z" region since for plans Z s Xp here, and ?he p:cr. 

distributions approximately scale (are independent of Wj lr. ?.*.is 

region in hadron-hadron collisions. In the bubble chamber we are 

unable, generally, to dlstingulsh charged kaons from plans, nzd 

although the overall K/H ratlo is about lC$, recent elec:roprodu:- 

tlon measurements9 indicate that the ratio K+/T+ gets as lerqe as 

.2 to .3 in the high-$ region (with K-/T' about .lOto .lj .) ::%f 

we actually measure is the sum h* = (r+K)* wlth the kacns inter- 

preted as plona by asrignlng the plon mass to then when ca:cula:i-g 

their energies. The resulting shift in XF is small an5 has a neg- 

llgible effect on our results.’ Electroproductlon results13 also 

indicate the proton contaminstlcn is negligible ln the high X, rz;:cr., 
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and this is confirmed by comparing our observed proton spectrum 

:&th our Hcnte Carlo results (see Fig. 4). The D functions for 

!1' ~;;f will refer to as D*. The data of Fig. 3, even for these 

h+-Z tracks, show a marked W dependence for small W values. This 

is not une=ecte~d, since when W- Is at the pv+v+v- threshold one 

CN5.t have Dv--8 0. However for W > 4 GeV there is an onset of a 

plateau region for both h+ and h- indicating that Feynman SCallng 

works In the high Z region for events with high W. This ConflrSLS 

one of the basic ais~~prions of the quark fragmentation model. 

The solid lines on Fig. 3 are from a Monte Carlo calculation 

described in Appendix C. The hadronlc states are.generated, for 

a given W, according to longitudlnel phase space for produced 

~:isons plus an approximately flat distribution in 
XF 

for the'recolling nucleon ln the interval -.s > XF > 0. The 

kr.t.e Carlo events are constrained to conserve energy, momentum 

and charge, but there are no charge-charge or charge-neutral Cor- 

relations. resonances, clusters or quark decay functions built in. 

?or this reason we refer to the calculation as an uncorrelated 

:Icr,te Carlo (WC) and ~111 make frequent use of it throughout the 

paper as a benchmark to which we will compare the data. The onSet 

of hadronic scaling seen in Fig. 3 is apparently ln agreement with 

the "klne~atlc" effect of longitudinal phase Space generated by 

the lJ%x. 

We consider Figs. 2 and 3 to be a reasonable confirmation of 

the factorization property of Eq. (4) (for 2 > .2 and W > 4 GeV), 

so we proceed to investigate the D functions 11,x! using 847 events 

left after the W > 4 GeV selection. 
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III Determination of the D Funct1or.s 

In Fig. 4 we show the function D+ U vs. the variable XF. We 

prefer XF to Z here ln order to delineate more clearly the region 

XF < .2 which is heavily contaminated by the recoiling proton acd 

its fragments. (For plons with XF > .2, Z and XF are essentially 

equal when W > 4 GeV.) The LRG calculation, which is absolutely 

normalized, gives a rather good description of the data over most 

of the XF range. The effect of~recolling protons, so=e of which 

are misidentified as r+. can be judged from the UJlC curves'shown 

on Fig. 4. The model assumes 50# of the recoiling nucleons are 

protons and ‘that these can be rellebly identified fn the bubble 

chtuubc if their momentum is less than 1.0 &V/c. It is seen that 

the model predicts approximately the correct obs>rved proton dls- 

trlbutlon and e negligible contamination from misidentified protons 

for XF > .2, in agreement with electroprotictlon data. 8 

Turning to negative hadrons, we show the Mctlon D; in Fig. 

5b. One notes that both h+ and h- are slightly asymmetric, favoring 

XF 5 0. This is the direction of the virtual W+ boson in the c.z. 

of the hedronlc system generated by the W+-proton lnteractfon. 

This asymmetry 1s reproduced by the IMC because hadrons are gen- 

erated in the rest frame of a system which recoils against the 

outgoing nucleon (see Appendix C). 

The ratio R of positive to negative hedrons 1s shown in Fig. 

5a. The fact that R increases rapidly es XF* -1 Is due, at least 

ln part, to the proton plateau obserrred ln Fig. 4. The increase 

ln R as $ + +l is of greater theoretical J.nterest since it is pre- 

dicted by models of the D functions. The m appears to give a 
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\ 
good description o,! the high XF (= high 2) region, as do the models 

of Field and Feyman’ end Osborne. l3 It is interesting that three 

su:h widely different approaches give such similar results. l5 In 

the LP!C calculation the increase in R for high XF 1s due to the 

double positive charge of the hadronlc state (the average charge 

of the hadrons, excluding the recoil nucleon, 1s +1.5 per event) 

and the fact that the high XF region is populated slgnlflcently 

by events with low multlpllclty in which the effects of charge con- 

servation are Important. In the next section we will explore 

further how e fragmenting quark distributes its charge. 

Iv Charge Dlstrlbutlon end Correlation8 

Field end Feyman suggest.(FF2)16 that when a high energy 

quark fregnents its properties *ill be most strongly correlated 

to those of the highest momentum ("fastest") hadron observed. mey 

'have made predictions for the dlstrlbutlon in ZR of the fastest 

positive and fastest negative hadron ln each event, where G is 

the fraction of the toe&1 charged hadron momentum carried by the 

fastest charged hadron. These predlctlons for a fragmentlag u-quark 

are ehown in Fig. 6, end UC in go-d agroeeomt with the ~&ti. Ua 

also show the CM calculation. It is somewhat surprlslng that the 

WC model gives. such a good description, since It has no input 

charge correlations other than those arising from charge conserva- 

tion. The difference between the fastest posltlve and the fade& 

nesatlve dlstrlbullons in the lJlE arises solely from the fact that 

there are more positives than negative8 generated In each eve&, 

and hence the fastest one 18 more llu to be positive. This 
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difference between positives and negatives wlll dlmlnlsh at higher 

W values but the predicted change with W is slow due to the loga- 

rithmic increase in charged particle multlpl.iclty put into the UX 

model. We will say more about this below. 

If a leading quark develop8 into a,hadron jet by emitting qij 

pairs then one might eqwot there to be a correlation in the charge 

of the ia8teet (hl) and Second fastest (h,J charged hadrone ia M 

event. The predictions 0% FF2 for these correlatlona are shown in 

Table I along with the data and the UM: calculations. 

It ls l pparmt from Table I that when hl is (+) there are cor- 

reletions between the charge8 or hl and % in the data over and 

above the "klne~tlc" correlations predictedby the tM.2. This can 

be aeen by ccqmrlng the ratlom (++)/(+-) in the tmo casea. He 

note that the (i+)/(+-) mtlo ln the data falls between tlie UN2 

and the Ppz predlctlon, lndlc8ting that the correlations assumed 

by Y?2 are too rtxong. When hl is negative, both the UE and FF2 

agree ralrly well with the data. This may indicate that In such 

event8 lnforntlon about the parent quark chargo haibeen badly 

dilutad. Pm thh. ruem we wll2 rafu to 4 - (+) wenta u 

'Clus-A" and hl - (-) eventi u "Claed-B", uhd mb&quentlJ rtudy 
__ 

the two ClamM repurtely. 

Anothulongltudlnal vulable whichlr usefulin the 8tudy of 

iragmentlng quarks 18 the rapffilty of a particle b the quark’s 

rat irau. lie datd4 thla aa Yq - 'Ilab- &/2) whore ‘Ilab - 

.5 h@+p,)/(E-p,)) for eaoh putlcle and I f.a the proton maae. In 

Pig. 7 we give the dlstrlbatlon or charged hadrona ~8. Yp, along 

with the dlstrlbutlon of net haUron.io. charge h+-h-. The sum h++h- 
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is the average rapidity density cf positive-plus-negative tracks, 

xherezs h+-h- Is the difference In the nunber of positive and 

negative tracks at each rapidity value. Naively one expects to 

find the quark's quantum nuc.bers carried in the hadrons which 

.have rapidity wfthln one or two units of the quark. Thus for a 

u-quark one tight hope to see a bump of net hadronic charge = +2/j 

(out of the total of +2 per event) concentrated near Yq = 0. In- 

stead one sees a smooth rise and plateau in the h+-h- which closely 

parsllels h++h-. It may be that at much higher energies such 

chirbe Lxallzstion effects will become apparent, but we see no 

evidgnce for then at present. 

Theoretically 8317 one expects the total rapidity 'plateau" 

to be of vldth :~(Y~/c2), with the quark (current) plateau of width 

ZS($/Z*) end the diquark (target) plateau of width &(kf2/Q2). Hence, 

czAin& the selection Q2 > 8 GeV2 should separate the target frag- 

mnts from the current fragments by about two units of rapidity. 

The Shape of the current "plateau" for such a Q2 selection 18 shown 

ln Fig. 8b and its helgbt is seen to be quite comparable with that 

of tte target fragnentatlon region in Fig. 8a. There 1s no a orlori 

reason why the two regions should have the same rapidity density 

but anparmtly they do, at least to an accuracy of about lG$. This 

result, as well as the Q2 independence in Pig. 2, agrees with the 

"ccrrespondence" ideas of BJorken and K&t8, but may be in conflict 

w:t?. SOme "wldeiy accepted ConC.Spts" a8 dlsCu8sed by Slvers. 27 

We now examine the hl vs. % charge correlations a8 a function 

of Yq where hl and h2 are the charged hadrons with the largest and 

ne:;t largest values of Y q. (This choice of hl and % is practically 
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equivalent to "fastest" and "second fastest" used earlier.) In 

Fig. 9 we plot the dlstrlbution of the charge of h:, for Class-A 

(hl = (+)) and Class-B (hl = (-)) events. For Class-A events the 

UMC assigns a considerable portion (+.34) of the remaining +I.0 

of charge per event to the second hadron %!' whereas the data give 

only (+.19*.04) to "2. The FF2 prediction, on the other hand, 

gives too much negative charge to h2. For Class-B events the l?&Z 

and FF'2 results are In somewhat better agreement with the data. 

The conclusions are sMiar to those from Table I, namely for 

Class-A events there Is a correlation of the charge of h2 in the 

data which Is stronger (more negative) than the "uncorrelated" 

UW predlctlon, but not as strong as predlctBd by FFZ. Presumably 

one could reproduce the data better by putting Resonances and/or 

clusters into the Monte Carlo calculation. The present UIK cal- 

culatlon was designed SpecFiIcally to take into account only direct 

w and K production with uncorrelated charges. 

As mentioned earlier the kinematic charge correlations preswt 

'in the UIE decr&.e with increasing W due to the Increase of mulri- 

plicity. This can be seen in Pig. 10 where we have used W = 5, 50 

and 250 GeV in calculating the UM: prediction for the charge of n2. 

'Ib produce W = 50 GeV on a stationary target requires a minimum 

neutrlno energy of 1300 GeV so it may be Impractical to eliminate 

the low-multlpllclty klnematlc charge correlation effects by gol?g 

to higher energies. On the other hand, the Class-A events shox a 

significant departure from the UI@Z (Fig. 9) which clearly establishes 

the presence or charge correlations at cur present energy. These 

are in &he general direction of, although not as strong as, those 

predicted by a particular model (FF-2) of fragmenting quarks. 
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V Transverse Nomentum Properties 

so far we have suppressed or Integrated over the transverse 

momentum PT of the produced hadrons relative to the overall 

hadronlc (virtual W+ exchange) direction. Based on asymptotic 
18 freedox, several authors have concluded that (Pg) should be 

an increasing function of Q* and 2 (or XP) due to Internal quark- 

parton momentum In the proton. 

If we use all tracks the overall .do/dPg is fairly 

well described by t:;zh-z;lon exp (-bmT), s+ D (ST + a')'/*, 

b = 6 (CeV/c)-', andAn 1s the particle rest mass. The tracks 

In the IJMC events were generated with this dependence and a 

factorizing flat rapidity iunction (see Appendix C). The UMZ 

events, after passing our various cuts and reconstruction pro- 

ceciwes, give rise to the curves shown In Fig. 11 for varloua 

slices of XF > 0. Ye note, first of all, that the generated 

curves agree fairly well'wlth the data, indicating that gloss 

features of the uncut original data are also reasonably well 

described by the above simple generating function. 
l" Flg. 11 

We also note,a definite flattening of the PT dependence 

as XF Increases. This mrnifests Itself as an Inarease 0r~ dT> 

with XP as shown in Fig. 128. The marked Increase of < p2 T> with 

X, appears sllrllar to the "seagull effect" long known from exper- 

iments with hadro-produced hadrons. 19 . The seagull effect arises 

from a production function d20/dP$R! which Is approximately lnde- 

pendent of c.m. rapidity Y. Hence, it is a property of "longl- 

tudlnal phase space' 3." which d2c = F(iT) d<dY.Ttie.reasOn fOr'thtO IS 

described in more detail In Appendix D. The UK calculation uses 

this type of generating function and agrees quite well with the 
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data of Fig. 12a. Since the data do not show any effect beyond 

the UMC calculation they do not appear to tell us anything about 

quark-parton transverse momentum Inside the proton. This 1s em- 

phasized further if we plot (Fig. lZb) the 4+ vs. Yq, where we 

note simply e smooth decrease consistent with the phase space 

boundary for Yq w 0. Data similar to ours on dT> vs. XF have 

been used2’ to extract a value oi 4x+ = .9 GeV/c for the average 

internal quark-parton transverse momentum, but from the above dis- 

cussion we believe this to be misleading and therefore do not 

attempt such a calculation. . 

liext we look for a Q2 dependence of + which could arise 
. 

from a Q* dependence of the Internal transverse mqentun of the 
18 struck quark, according to asymptotic freedom Ideas, tie expect 

such an effect to show up In those hadrons xhich are most directly 

correlated k1namat1caU.y to the par&S fragmenting quark. For 

this reason we choose Class-A events only (hl is (+)) and plot 

the -$> of hl fat those tracks with Z > .3 . This Is shown in 

Fig. 13, which does indeed Lndicate a Q2 dependence; although 

the effect is practically accounted for by a slm&r rise in the 

UMC calculation. There is no explicit Q2 dependence in the II?46 

model; the rise Is due to our reconstructlon prmedtie and ccts. 

If we use the UMC calculation as a b&se line and add to it a form linear' 

in Q2 we find cF$> = UMC + .003 Q2 (dashed curve). The slope 

dS$/dQ2=.oo3*.003 is:*& good agreement with .Ol as estiiited 

by Politser21 for 2 I .5 and Q2 - 10 Ge$. The most we can say Is 
at, there appears to be a trend in the data ti the direction of the 
expected effect. 

A further inrpec$Ion of t$e effect shown In Fig. 13 indicates 
that the growth of -zP+- with 0 for these high Z tracks Is entirely 
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'due to the component of their ST which 1s in the v-n scattering 

plane ?T(i."). The component perpendicular to the plane, PT(OUt). 

shows no Q' dependence (Fig. 14). The PT(out) component Is the 

one that we measure directly, whereas PT(in) depends on the recon- 

struction procedure for each event. (The error in reconstructing 

PT(In) for tracks used in Fig. 14 Is typically i .l GeV/c). The 

only suggested departure of the data from the calculation 1s 

< iP,(In)l > for events In the two hlghest Q2 bins, and that is 

not very signlflcant, particularly since the absolute level of the 

Y.:Z lines 1S somewhat arbitrary. 

Vi Azimuthal Dependence 

Ke c:x:.ine the azimuthal dependence of the hadrons In the 

ux::.l Ssttfried-23, -kson CoQrdinate system in which the i axIS is 

x::n~ t<e tozsl h-~" .=,ron (;) direction and the i axis 1s perpendl- 

culnr t3 the v-2 plane In the direction G x 2. The azimuthal angle 
A ^ ^ 

= is z.easured from the x = y x z axis, with tan m = IPT(out)]/PT(l"). 

Car typical error In reconstructing cp for hi-2 hadrons 1s f 7' 

(re? Appendix B). 

It has been co"jectured22 that the cp distribution in deep ln- 

e;a;tic i-p scattering will be affected by the radiation of hard 

giuons from tile Struck quark-parton. In Fig. 15 we show the dls- 

tributic" 1" r; for that subsample of hadrons (same as In Figs. 13, 14) 

r!-1i.t we believe to be most nearly associated with the parent quark. 

-!I- 3 distribution for high Q2 1s peaked near cp = 0 or 180° in a 

"anner which majj not be entirely accounted for in the UM!C CalCUlt+ 
28 ticn. although the departure from the DMC 1s not large. Recently Cohn 

5% emphasized tizat one expects an azimuthal dependence In the naive 
?Zrton code1 ever. without gluon effects, and hence the interpretation 
cf ; dlstrib~tlons azy be quite cocpllcated. 
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VII SULUSlEry 

We have examined the details of the hadron "jet" made by 

high enerm neutrlno-proton charged current interactions. The 

production of high-2 hadrons 16 approximately independent of Q' 

and W for W z 4 GeV and Q2 c 64 GeV2, in agreement with the basic 

sssumptions of the quark fragmentation model. After making the 

selection Q* > 8 GeV2 to separate the current and target m A rag- 

mentatlon regions, the heights of the rapfdlty plateaux In the 

two regions are found to be comparable (Fig. 8). 

We have made several comparisons of the data ';:lC,i. 2.~ ;n.:- 

mentatfon model of Field and Feynman (?F2) and with an ‘i~ccrrs- 
. 

lated longitudinal phase space model (UK). T.he, inclusive 515- 

tributlons of h' vs. longltudlnal variables, such as X,. are :~ll 

represented by bcth models, as are the distributions cf the farix? 

h+ and h- in each event (Fig. 6). The correlatlcns, in a g.i~en 

event, between the charge of the fastest (hl) and second fas:sst 

(h2) hadrons are not reproduced by the UMC and therefore are 

stronger than "kinematic" In events where hl Is (+j. The P?2 

predictions for these same correlations appear to be too strong 

(FU. 9). 

Turning to transverse variables, there Is a sizeable rise c? 

(Pz) with Feyman I, but this 1s well accounted for by the KC 

model (Fig. 12) and WC do not, therefore, use it to measure the 

proton's internal quark-parton momentum. For events In x%ch h,: 

1s (+) and Z1 > .3, we find, after correcting for the rise in the 

GNC calculation, only slight evidence for an additional rise In 

(P;) of hl vs. Q2; with the linear f0rm.d (P$/dQ2 = .003*.033 
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hiving a reasomblt fit up to Q2 = 64 ties. This rise is asso- 

ciated with the in-plane component of GT. The azimuthal angle 

of this same selected sample of hadrons, when an addltlonal 

hi&-P' selection is made, shows, at most, a inild-Znisbtropy' 

(FlG. 15). 

We are indebted to many staff persons at Fermi National 

Accelerator Laboratory for contributions in the taking of these 

data. We have benefitted particularly from conversations with 

J.D. Bzorken, R.N. Cahn, S.D. Ellis, R.D. Field, G.L. Kane, and 

H.D. Polltzer. 

This work was supported ln part by the U.S. Department of 

tier&y and the National Science Foundation. 
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Table I 

charge correlations of the fastest and 2nd fastest charged 

hadrons. A (+) or (-1 sign signifies the chargeof a hadron 

with z* B -1. "None" slgnlfieb that Zq 1s less than .l . 
Numbers in table are perbent of event;. 

38. 
20. 
12. 

70. 

23. 
3.3 
3.0 

.29. 

1.0 



Appendix A: Muon Selection and Cut Procedures 

In the present paper we make use of a kinematic method to 

selxt the ;1- in the neutrino charged-current (CC) events. We 

do not nake direct use of the External Muon Identifier (W)25 

for two reasons. Although for the first exposure (- 25% of the 

data) the ZXI was quite efficient, its efficiency was lower in 

tS.e rec.alnder of the data due to the slgnlflcantly higher neutrlno 

flus and conconltant background. Secondly, we have found a klne- 

natlc selection nethod which our Monte Carlo calculations lndlcate 

is hiyhly accurate in selecting the u- for the data sample that 

we use in this paper. 

The klner;atlc method selects as the IL- the negative track with 

the largest value of the product F - F1F2F3-l. In this expression 

FI 1s the transverse momentum relative to the beam, F2 1s the tranS- 

verse aomentum relative to the direction GR of all of the reat of 

the vlsl.tle particles, and F>,ls the square root of the sum of the 

sqxres of the transverse momenta of the rest of the visible partl- 

cles relative to their total momentum GR. In other words, the 

algorithm looks for a single high momentum, high transverse momantuDi 

Fsrtlcle bsizr,sed bg B clustered jet of remaining particles. 

The distribution of log F for a sample of Monte Carlo events 

1s shoxn in Pig. Xl. The overlap of the m' with the nigatlve hsdrons 

(h-1 is shown by the dotted curves and 1s seen to be quite small. 

?.e lndlvldual factors FI, F2, P3 -I have slmllar double peaks with 

less clean separations. Of the three factors, F3 -' provides the 

ir&;t corzrlbutlcn to the discrlmlnatlon. 'The method makes the 

wrong muon choice ln only 1.5% of the CC events. Of course,. there 

is also a neutral-current (WC) and c charged-current (FF) background. 

These are greatly reduced by the cuts we make lo the data, as we 
d.sscribe telcw. 
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In Table AI we show what happens to the various kinds of 

events as we successively apply the cuts in order to purify the 

CC sample. The selection on .XPx, the total visible beam-direction 

momentum, does not depend on the choice of muon. The cuts, Pm 

(I F2 for the chosen muon), & and Rqgrz depend on the muon choice, 

but not on the reconstruction procedure. 
%Z 

1s defined by search- 

ing the posltlve tracks fof the largest value of the product F12 

times total momentum, and then dividing by the corresponding product 

for the chosen'&-. U, x, y.depend on the reconstruction procedure 

(see Appendix B). The mixture of CC, AC, and m was chaser, acccrd- 

lng to the analyals of the KC/CC ratio published earUer,26 the 

running condltlons of which were slightly different than those 

under which the major part of the present data were taken.' However, 

since our cuts virtually ellmlnate NC and 5 background our results 

are lnsensltlve to the exact amount of such. The cuts also essen- 

tially l llmlnate the few percent neutron and ?$ interactions present 

after the EFx cut. 

Table AI. Monte Carlo study of event survival under successive cuts. 
(&tiles are percentage of events.) 

wIs > 60' 
I 

64 

Y > 3 GeV 52 

xs.05. 47.6 -L Y < .90 46.0 

R z c3 45.6 

cc 
from3 u 
(3.4) 

(1.6) 

(1.4) 

(1.3) 

( .9), 

( .8) 

( -8) 

NC FF 
bents Events 

19 7.3 

4.3 1.4 

t 

2.7 1.4 

2.4 1.2 

2.1 1.2 

1.9 .9 

1.9 .2 I 

'Tozii 
Monte 
Carlo 

Tr 

71 

68 

56 

51 

49 

48 

+ 
I 

- 

1928 ?5 I 

1883 74 

1360 53 

1242 49 

1201 46.9 

1159 46.4 

. 
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The main features to be noted from Table AI are as follows: 

(1) The final sample contains (.8/46) x 100 = 1.7% wrong-v CC 

events. These are not a troublesome background (see 

Appendix B.) 

(2) The K background is (1.9/W) x 100 e 4% and the z back- 

ground is .2/48 x 100 = .&$. The R-s cut is particularly 

effective in reducing this latter source, which, if not 

eliminated, gives a false olgnal of "h+" (really $) near 

2 = + = 1.0 . 



Appendix B: Rsconatnlct10&3 Iaethcd 

The momenta that we measure directly in this experiment are 

lllustrated as solid lines ln Fig. Bl. The dot-dashed line 1s 

the incoming neutrlno direction which 1s accurately known; 

however, its energy is not. ‘The plane of the diagram is deter- 

mlned by the outgoing muon momentum GW. The vet tor Gv is the 

momentum sum of all other vlslble particles. (This label- 

assumes we have chosen the correct muori ln a neutrlno charged- 

current event. See Appendix A). P’. rapreeenta the rum of all 

unseen neutral particles, ad GH 
d’ + 

- P,+PV 1s the total of alloutgoing 
*. 

particles except the m. PV and ;. hAVe’equa1 and opporlte 

~cosp0nent.s (PO& cut of &e,pline. HeWe, Pm 

ts measured directly from G,, . Ue indicate here gust the prc- 

jectlons In the plane. 

In order to “reconstruct” the event we cust try to de%rzLr.a 

4i as accurately as possible. F&ice we have a hydrcgen *arp: 

this then determines all of the other klnematlc varlrbles, except, 

of course, the lndlvldual momentum vectors that make up s. when 

there 1s more t&n one unseen neutral particle. 

-. 
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The quantity SB $s underdeteralned by one variable. We 
attempt to deterolne P. (and thus ;B) from the configuration 

.a + 
If the square of the mlsslng trans- 

) 1s less than .Ol (GeV/c)2 than we 

':s.‘u:?.s ;:iere are no oisslng neutrals and get a solution by put- 

'. 1, .- 7 - -,.y = 2 (x!mc x i: Lhe beam direction and z 1s perpendicular 

3 t!le he.::: in the plan.!). This happens in about lG$ of the events; 

in the rest of the events we 

nuit find a;:;ther way to estimate Pox. If the total invariant 

T:RSS Xo of the missing neutrals 1s known, then one can solve for 

po.u froc the following kinematic equation: 

?OX 
= (Xz + P&T c Pzs - D3/2 Do (Bl) 

::hrr’ ” 
0 = E. - Pox C-W,- D - Dv 

F 
Is determined from 

ccnser-ation of the quantity 6 - PAsummed over all particles. 

'3e evaluatlcn of Do requires that we fdentify all the visible 

?artlclea In order to calculate their energy in Dv = Ev-Pvx . 

?:isidentificatlon of charged K's or protons as H'S causes us to 

underestimate Dv ar.d overestimate D o. In fact Do Is often quite 

snail so that errors in its estimation cause large errors ln Pox 

trcn (31). For this reason, and because we have no good a priori 

esticate of x2 o, we use a aodlflcatlon of (Bl) to obtain only a 

lover lidit on P 
OX: 

pox (IaI?) = ($& + P+$ - Dg2)/2'D; (=‘I 

where Dz 1s deterulned by sss1gnin.g the plon mass to all charged 

:racks in evaluating Dv . (If Pox (KIN) is negative we set it 

equal tc zero at this stage). 
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The remainder of our method to find Pox follows closely 

a method originally proposed by Grant 24 and described also in 

ref. 7. We outline it below. 

(1) Determine the minimum neutrlno energ, eeticate fr-,r. t.'? 

above Po,(MIN): 

kN = Pwx + Pvx + Po,(Xiiij 

(2) Deterislne the maxQ~~um neutrlno energy estkate frcz 

SAX = ' 'PiiN ' where C Is adjusted to give thE ctrrezt 

average -ZG> = 0. 'ZG is the "Grant variable" wXlck i -.r.e 

in-plane component of G,, peroendlcular to sX. (Si;cw a: thr 
I 

dotted line onFigure Bl. ZG Is defined to be ntgati-rz :r. 

the configuration shown). The value we use for C In shis 

experiment is C = 1.50. 

(3) Determine Zl and Z2 corresponding to GIir and +..-L.X 2% '.?z 

obtain ZG from the simple average ZG = (Zl + Z2)/2 . PIi: 

value of ZG 1s then used to obtain Pox. At tt.is ;clnt XC 

put a celling on Pox by requiring that the clrslnz_ r.euzralz 

not carry off more than half of the total beam-direstlcn 

momentum, i.e., if Pox la greater than (F ux + pvx) ?:e se: 

it equal to the latter. Pox 1s then used to reconstruct all zhr? 

other variables in the event. (Note that the usual deep-l.?Plazzl: 

variables E,, W, Q2, x, y . . . . now follow from nczentuz ar.d zr.erzj- 

conservation in hydrogen and do not depend on hadron zzzss assign- 

ments. The hadron mass assignments are only used to ob'ain 3: 

in (B2) 1. 
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. The reconstruction method,can be checked directly 

fror the data, and the appropriate value of C determined, by com- 

paring the ZG dlstrlbutlon with the POUT distribution for any 

group of selected events. POUT Is directly measured In each 

event and Its distribution is shown in Fig. B2, along with the 

dlstrlbution of the reconstructed ZC for C = 1.50. Increasing 

C will increase ZG and C has been adjusted to give cZ,> m 0. 

(There are 145 no-missing-neutrals events which have ZG m Pop 0 

and which havs not been plotted ln Fig. B2. The 1OU events 

plotted satisfy the cuts described in Fig. 1, with 3 < W < 12 GeV.) 

C?.e expects the true ZG and POUT distributions to be identical 

and symzetrlc around zero; (We neglect possible asymmetries due 

to things like gluqn radiation from polarized W+ bosom, which 

we have ot?.erwlse been unable to detect; see Sections V and VI.) 

The accuracy of the reconstruction procedure can be checked on 

.a% event-by-event basis by using Monte Carlo events generated 

from the UXC program described Fn Appendix C. Some results on 

the accuracy in E,,, Q2, W, x-l and y are shown ln Fig. B3 (a-c) 

:<bere we have plotted the distribution of the' ratios of the recon- 

sZm:tted value to the true value for each variable. Flg.Bj is . 

: F-3 5: t*-. 1130 Ccnte Carlo events which obey the same cuts as the 

real e:,er.ts of Fig. B2. The dots represent 24 events from the 
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sample ln which the muon selection procedure ylelded the wrong 

choice. One sees from this that these events have larger errors 
that they 

than the others, bitAwl not introduce any appreciable additional 

error into the event sample. (The fractional error in EY 1s the 

same as t&t of Q2, and simllarlyi-or x -1 and y, because tke 

product xy = Q2/2m Ey 1s directly measured and therefore lcdepend- 
2, ent of the reconstruction procedure. I.e., xy = (2 Pp/m)%n ~8/2), 

where 8 1s the angle of the muon relative to the beam. This 

latter expression neglects the muon rest u~W.6.) 

Finally, we show In Fig. B3d the disijrlbutlon of the angular 

.error 6BH that we make in reconstructing the dlrectlon of the 

total hadronlc system PH (= Q) ln the lab. The errors in the 

transverse variables PT(ln) and 0 for individual tracks, discussed 

ln Sections V and VI, are prlmarlly due to the error bBK. Errors 

in the longitudinal variables 2, XF, Yq are partly due to bBH 

and partly due to the error in the total hadronlc mfxentu!U /sxI. 

Typical errors for tracks with Z > .2 are : 69 I f 7", &P,(in) * 

f .l GeV/c, 62 I 6X, I t .1, 6Yq = f .25 . 



Appendix C : Description of the Monte Carlo Calculation (UMC) 

33 calculatioz begins by generating for an event the total 

hsdronic invariant mass W,and 6'. It does this by picking the 

ceutrino energy E from a distribution which agrees with what we 

ctser'le (using the energy reconstruction procedure described In 

.:>pen?lx 5). It then picks the Bjorken variable x with dlfferen- 

tia: probability proportional to (~-x)~'~x*~ and flat in y for 

charged-current Y events and (1-y)' for charged-current 'v and 

neuxzl current background events. Given x, y, E one uses u2 = 
=z +2tiy(l-x] and Q2 = 2rcExy to get W and Q2. 

Given W, the hadrons are generated in the W rest frame as 

follows : 
(1) Tee recoil nucleon is chosen to be a proton or neutron with 

eqilal >rsbability. The dlstrlbutlon in t.!e nucleon's variable 

"3 = Z/W 1s chosen flat between 0 and .9 with its momentum in the 

bezkward c-p-.. hemisphere. This determines E of the nucleon and 

r,he remaining energy, s = W -E, and recoil momentum of the system 

ts be iistd for meson production. 

(2: The numbers of )r , P-, r" + to be produced are chosen using 

(x-) = (no) = ((c)4$)/2, where (n) 1s the average number of charged 

piox and a is their net charge. Prom hadronlc data 23 we take 

(3) = 1.5 + 1.2 b(s) + .6 &Z'(S). The actual number of r- and v" 

in %ach event are then chosen from lndependent Poisson distributions 

for n ar.d no. (Energies, etc., are in GeV units). The number of 

T+ is then c.F.csen to conserve charge. This prescription agrees with 

ir%t is known about hedro-produced badrons, except that we do not 

pst in the kxown23 correlation between (no) and n-. (This corre- 

lation is cot very significant at our W values. 3 
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(3) A fraction of the ?r+, n-, r" are changed to K+, K-, K" with 

only Pairs of K mesons being allowed; except we occasionally 

Change a neutron to a A0 in order to accompany a lone K+ or 

KO. The fractions are adjusted to give the correct number 

of K0 and A" observed in the present data. 

(4) The transverse momenta p+ of all the hadrons are generated 

according to exp(-6ml) where ml = Jp and IL is the 

particle mass. This feature is also taken from hadro- 

produced data. The two components of s, are picked using 

&flat azimuthal (cp) distribution. Transverse momentum is 

conserved by summing the componcntsln a given direction over 

all I particles and then subtracting l/Nth oi the sxm from 

each value. These conservation constraints have no 

effect on the output mL and cp distributions. 

(5) The longitudinal momenta P of the produced particles are 
I 

generated in the rest frame of the system of invariant a869 

I$, recoiling against the nucleon, already detertied in s:e? 

(1). Tim rapldlty (Y) of each particle in this system 1s 

picked from a flat distribution of total width AY = 2%(WR) - 

.&(a,). This partially accounts for the kinematic boundary 

irml - on(y#q. Py la then given by PI = ~~sln!! Y. The 

conservation of P, Is determined in the overall W rest frame 

by subtracting from each Pp a fraction fl of that partl- 

cle's energy E, where fl - (ZPI)/(XE). This procedure helps 

to keep the rapidity distribution flat after PI conservation, 

since by = 6P,/E. 



Appendix C 

-3- 

(6) Energy conservation is accomplished by multiplying each 

Pli by a factor f2 such that the equation d(-= W 

is satisfied. This Is solved by iteration, starting with 

the approximation f; = W/SZIP,,l. A solution which conserves 

energy to within 1 MeV is usually found In 2 to 3 ltera- 

tions. If the solution does not satisfy .5 s f2 s 2 it 1s' 

rejected. The output rapidity dlstributlon remains 'reason- 

ably flat, with stall tails, after the imposition of p, 

and E conservation. 

Given all the particles in the event, we transform the 

hadrons into the lab frame and treat them as we do in the real 

events. We assume Z/3 of the A" and l/3 of the Ka are visible 

and that protons are identified if their momentum is 5 1 GeV/c. 

The charged kaons and remaining protons are treated as if they 

were plans. 

An appropriate mixture of charged-current, neutral-current, 

and in charged-current are generated and the mixture is passed 

through the same analysis program a4 the real events. (See 

Appenillx A.) 



APPINDIX D: Th. ssagu11 Bffe& 

The "seagull effect" arises when one plots for individual 

particles their average transverse momentum (P,) or (Pt) vs. 

the longitudinal variable XP = 2~ /W in the c-m. of the 
I! 

hadronic system. A typical (half of a) seagull is shown in 

Fig. 12a for XP > 0. If we let Y be the c-m. rapidity and 

E the c.m. energy Of a partklat ,then Y4n[(E+Pn)/s), with 

1 3 (P; +$,1'2 and p the particle mass. Because of the 

relation (dY) = (dP 
II 

)/E = W(dXF)/2E one has that the curve -(Fi)X vs.$ : 

(Pgyy vs. Y,.where the subscript indicates the kmgitudinal 
F 

variable that is held constint during the integration over PT. 

If particles are produced ackording to longitudinal phase 

space, in which 

do = P(P,) dP;dY 01) 

then (P:)~ vs. Y is flat but (Pt)x 
P 

vs. XP will sha, the 

seagull effect. We show below the reason for this. 

In general one writes 1 

Uming the above definition of do thim bscoaes 

P P$PT, . 
(p& cc * J 

p F(P) 

P E dP; 

/ 

l -+ dgT 
0 0 

m?) 

wimra B is evaluated at Xp-C, i.e., 

E-(W/2) C +4 J--T= (D2a) 

on the other hand, ruing tb8 aomumd form for da, one gets for 

conetaot Y: 
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P' 

(P;)y,c. = J 
/P' 

0 
P; F(PT)dP*:j 

T/o 
F(PT)dP:, (D3) 

The upper limits of these integrals art? functions of W and 

C (C') which come from the kinematic boundary. Because Of 

the rapid exponential fall-off of F(PT) these upper limits 

only have an appreciable effect when XF or Y ara near their 

maximum values. This is what causes the .seagull's wing" 

to turn over at xF - .8 in Fig. 12a 

The one place where (02) and (D3) can be compared directly 

is a1or.g the line XF=Y=Ox 

(Pf), =O - 
A/2 P;.F(PT) 
' 

F JO "T 
dP; 

or, changing variables, and assuming the upper limits are 

effectively infinite, 

‘<‘x,=0 = :; 

wherea3, 
I 

('&=. = r;=$ F(+ dm$ 
I 

~;F('=.$ dg 

so that 

h&,=0 = '"rr )y=o/ '$' )y=o 

(WI 

(D5) 

(ml 

(D7) 

we sac from (D7) that, in general, 

though the two averages are computed al&g the same line 

XF=Y=O in the c.m. If we use the generating functions 
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r(m.+=exp(-b%) vith b=6(Gev/c)-' and p-+on mass we obtain 

from (D5) and (06) 

(P;)YzO = .19 (GeV/c)* and (Pi), =. = .loGev/c)*. 
F 

These are in good agreement with what we observe in the data. 

The shape of the seagull comes from the growth of 

tp3x =c vitb increasing XF, as seen in Fig. 12a. This can be 

underztood. from eqns. (02) and (D2a) which predict that 

tp3x =c approaches (P;&, if XF *> 4 
F w all during the 

PT integration. The fact that, experimentally, (Pi)x =c 

becomes larger than (<)Ylc = .19 is due-to some act& 

diminuation with increa8ing Y of the experkntal 

d*o/dP$ fY . That is to say, oupposs instead of (Dl) we have 

da = F(PT #I dP$dy (Dl') 

with F being a decreasing function of Y. Then holding X,=C#O 

during the k', 'integration gives decreasing Y with increasing 

PT and prevents, F from falling as fast as it does at XF=Y=O. 

(The decrease of Y with PT at fixed XF can be seen from the 

relation x,=(ZmT/o) einb Y). 

The data do show a decrease of P with Y at fixed PT 

and the same is true of the output UMC calculation, even though 

in the input we assumed no Y dependence. (The generated Y 

dependence comes from our application of energy and momentum 

wnservations constraints.) Hence, both the data and t;?e KS 

calculations of (P$) vs. Xp show a seayll effa& that rises 

above the central value (P$Ya, and then drops to zero, aa it 

must, near xg l 1. 
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Flgure Captions 

Ii;. 1. Plstributlon of invariant mass of the hadronic system for a 

I sample of neutrino charged-current events. See text for 

lLzJll;l~ of the cuts listed. Typical mass resolution is 

i15% for the bulk of the events, which have missing neutrals 

(see Appendix B). The peak at the left is due to the final 
-4-F st¶tep A . 

7:~. 2. Average number of charged particles in the hadronlc system 

T'S . Q2 for various V slices taken from Fig. 1. The dashed 

lines represent the overall average for each W slice. 

Fig. ,Z.‘The rate of production of positive and negative hadrons with 

Z > .2 as a function of W. We take the Feynman scaling 

(u-independent) region as W > 4 GeV. The curves are the 

reiult of the Monte Carlo model described in the text. 

'15. 2. The Di function VS. Feynman X ln the hadronlc rest frame. 

Identified (ID) and the estimated mls-identified protons are 

indicated. The normallsstlon of the IDlC model is absolute and 

not adJusted to fit the data (see Appendix C. This 1s true 

on all Figs. except Fig. 15 where we have renormallzed to the 

observed numbers of low-Q* and hlgh-Q2 events). In addition 

to the cuts on Fig. 1 the selection W > 4 CeV has been made in 

Figs. & through 12. 

3;. 5. (a) The(posltlve/negatlve) hadron ratio vs. $ . 

(b) The 0; function vs. XF. The average number of negative 

tracks (integral of the graph) 1s Indicated. 

?‘iz. 3. (a) and (b). The distribution in L$ of the "fastest" positive 

and negative tracks in each event. The dashed curves are the 



predictions of Field and Feynman. Fig. 6a includes (,.j :rz:?; 

from events where the fastest track is nrgatl-re and ,rlzc-'rer:a 

for 6b. 

Fig. 7. The total charged hadron rate(h++h-)and net charge (2+-r.-; :;cr 

event vs. rapidity In the "quark rest frame" (see text er.e 3.55. 

14). The UW predictions are also shown. The error bars cn 

the open circles are the same absolute size as those 0:: ;:-.e 

solid circles above them. 

Fig. 8. Charged hadron rate for high-Q2 events plotted vs. la5 rapLi::y 

and quark-frame rapidity. The approach to a?d t;elat of ::?e 

two "plateaux" are very similar. 

Pig. 9. (a) Net charge of the second fastest (h;) particle wi,?n silo 

fastest (hl) 18 negative, plotted vs. rapidity of !-,2 in :t? ~:or? 

frame. (Class B events) 

(b) Same as (a) for events In which hl Is positive. (Cl::; A. 

~? he.dashed curves are the predictions from Field end :e;r.n%r.. 

The solid curves are from the UMC calculation. The a~~ra;f 

charge of the 2nd (h2) particle (integral under the CUCG; is 

shown in each case. 

Fig. +O. (a) and (b). Predictions of the UMC model for the qcantltlaa 

defined in Fig. 9 (8) and (b),but for various W values. In 

(8) one 8ees "klnematlc" correlations present (%>,=# C) even 

at W = 250 GeV. 

Fig. 11. Charged hadron rate vs. transverse momentum squared for Y.xriczs 

slices of Fey- X ln the positive c.m. henisphsre (current 

fragmentation. region). Solid curves are from the KZ model. 



?ig. 12. (a) Average transverse momentum squared vs. XF for charged 

tracks. The sea,-1 effect, seahere, is discussed in detail 

in Appendix D. 

(b) Same plotted vs. rapidity in the quark frame. XF > 0 

corresponds roughly to Yq > -2. 

?ig. 13. (PC) vs. Q2 for hl tracks with 2 > .3 in events where hl 1s 

(+). There are 497 events (and 497 tracks) in the plot wlth 

average 2 value (2) = .45. Events with 3 GeV c W c 12 GeV 

are used. The dashed curve is 8 fit to e linear function of 

Q2 which has been added to the base-line curve (solid) calculated 

xlth the UK model. 

Fig. 14. Data from Fig. 13 is split into its components in and out of 

the scattering plane. (Note the broken verticel scele.) Solih 

curves are the UMC calculation. The Q* dependence in the UMC 

1s not an input but arises from the reconstruction and cut 

procedures In the generated events. 

Fig. lj. Azimuthal angle of,tracks from Figs. 13 and 14 plotted for hlgh- 

and low-Q2 events. A track with cp I 0 would be ln the scattering 

plane on the muon side of the total hadron momentum (dtib) vector. 

(m 1s the standard Gottfrled-Jackson azimuthal angle.) ihe 

andsotropy in the UMC curves 1s due to our reconstruction end 

cut procedures. 

Fig. Al. Distribution vs. log F of negative tracks in Monte Carlo events 

with 2 2 negatives. (F is the parameter used to select the muon.) 

The events used are pure charged-current and have the selections 

indicated on Fig. 1, plus W > 3 GeV made . The dashed curves 

show the overlap between the hadrons (h-) and the muon. 



Fig. Bl. Momentum vectors used in the reconstruction procedure. 

Fig. B2. Distribution of data sample vs. POUT (which we measure directly) 

and ZG (which results from our reconstruction procedure). In 

addition to those listed, the cuts are as ln Fig. 1. 

Fig. B3. Errors of various qusntltles due to our reconstruction procedure. 

In a, b,.c the ratio plotted 1s the reCOnStNCted value divided 

by the true value. In d we plot the reconstructed direction of 

the hadronic system {< dlrectlon) minus its true direction. 
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